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Figure  1.  Potential  distribution  across  the  electrochemicaG.  surface  and  33 
without  ionic  specific  adsorption.  Region  I:  Helmholtz  layer 

(ccanpact).  Region  II:  Gouy-Chajinan  layer  (diffuse). 

Xg-distance  of  closest  approach  without  specific  adsorption, 
x^-distance  of  closest  approach  of  specifically  adsorbed  ion. 

a.  without  specific  ionic  adsorption 

b.  with  specific  ionic  adsorption 

Figure  2.  The  model  for  the  ionic  double  layer  of  Bockris,  Devanathan  3U 
and  Muller  (22). 

Figure  3.  Potential  energy  versus  distance  for  anions  and  cations  35 

corresponding  to  Fig.  2. 

Figure  U.  Differentisd  capacitance  versus  potential  for  Hg  in  O.916  M 36 
NaF  at  25'’C.  Points:  experimental.  Dashed  line:  compact 

layer  component  after  correction  for  diffuse  layer 
contribution  [Grahame  (33)]. 

Figure  5.  Compact  layer  capacitance  versus  charge  according  to  37 

Damaskin  (38).  Solid  lines  and  points  correspond  to 
experimental  data  of  Grahame  (UO)  for  Hg  in  aqueous  NaF. 

Dashed  line  corresponds  to  theoretical  Curves  1,  1^:  0®C. 

Curves  2,2':  85°C.  Consult  ref.  38  for  various  parameters 
used  in  calculating  the  theoretical  curves,  (n  =3, 

= 2,  X = 1).  [Damaskin  (38)].  ° 

Figure  6.  Compact  layer  capacitance  versus  charge  density  at  various  38 
temperatures  as  calcvilated  by  Damaskin  (38).  Tanperatures : 

1)  0®C,  2)  25®C,  3)  U5°C,  U)  65®C,  5)  85°C.  Various  para- 
meters are  the  same  as  for  Fig.  5 [Damaskin  (38)]. 

Figure  7.  Dependence  of  d(l/C)/dT  on  charge  density.  Curve  1:  39 

calculated  from  Grahame' s experimental,  data  (4o)  for  Hg 
in  aqueous  NaP.  Curve  2:  cedcailated  from  theoretical 

curves  in  Fig.  6 [Damaskin  (38)]. 


h Figure  8.  Differential  capacitance  curves  in  Hg  in  xM  KF  + (l-x)  M KHF  . 1+0 

Values  x:  5)  0.9*+;  6)  0.68;  7)  0.35i  8)  0.1*4  [Verkroost 
f et  al.  (*48)]. 

• Fig4u:e  9 . Electron  density  versus  distance  at  a metal  electrode 

! ' svirface.  Curve  A:  at  potential  of  zero  charge  (pzc). 

Curve  B:  cathodic  to  pzc.  Curve  C:  anodic  to  pzc. 


, Figure  iQ,  Adsorption  sites  on  Pt  (ill)  for  various  species  of  the  42 

ccmpact  layer  calculated  by  the  interative  extended  Htlckel 
’ molecular  orbital  method.  [Leban  and  Hubbai-d  (53)]. 
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Figure  11.  Model  of  Pt  (ill)  surface  used  by  Leban  and  Hubbard  in  the 

lEHMO  treatment  of  adsorbed  species.  Shaded  circles:  atoms 

in  the  surface  layer.  Open  circle:  an  atom  in  the  second 

layer. 

Figure  12..  Voltammograms  for  hydrogen  adsorption-desorption  on  poly- 
crystalline Pt  in  O.IM  HF  with  various  HCl  additions. 

[Huang,  0' Grady  and  Yeager  (63)]. 

Figure  13.  Voltammogram  for  hydrogen  adsorption-desorption  on  clean  Pt 
(100-5x1)  in  0.05M  HgSO..  Sweep  rate:  50mV/s  [O'Grady, 

Woo,  Hagans  and  Yeager  (21)1. 

Figure  lU.  Underpotential  deposition  of  Pb  on  polycrystaJLline  Au  in 
ImM  Pb(N0_)2  + IM  HClOr.  Sweep  rate:  2CtaiV/s:  Insert: 

behavior  ^€h  1x10“5m  ^2+^  [Adzic,  Yeager  and  Cahan(76)]. 

Figure  15.  Underpotential  deposition  of  Pb  on  single  crystal  Au  in 

ImM  Pb(N0_)_  + IM  HClOi . Sweep  rate:  2CmV/s  [Adzic,  Yeager 
and  Cahan^(76)]. 

Fig\ire  16.  Chsu-ge  density  versus  potential  curves  for  the  UPD  of  Pb 
on  single  crystal  Au,  obtained  from  Pig.  l4.  [Adzic, 

Yeager  and  Cahan  (76)]. 

Figure  I7.  Energy  level  diagram  for  lead  on  gold.  A and  B,  Behavior 
at  low  and  moderate  coverage.  C and  D,  Behavior  at  high 
coverage.  A and  C,  Perpendicular  to  stirface.  B and  D, 
Parallel  to  surface.  <l>7  Potential  energy  of  electron  in 
unbound  state;  <j>p,  Fermi  energy;  A,  band  width  in  Pb. 

Solid  curves,  canbined  metal  substrate-lead  potential 
curves;  dashed  lines,  parallel  curves  with  no  interactions 
of  lead  with  gold  substrate  or  other  adsorbed  lead. 

[Adzic,  Yeager,  Cahan  (76)]. 


AN  OVERVIEW  OF  THE  ELECTRO; 'HEMICAL  INTERFACE 
AND  OPTICAL  SPECTROSCOPIC  STUDIES 


Ernest  Yeager 

Case  Laboratories  for  Electrochemical  Studies 
and  The  Chemistry  Department 
Case  Western  Reserve  University 
Cleveland,  Ohio  44106,  USA 

I.  INTRODUCTION 

The  purpose  of  this  lecture  Is  two-fold:  1)  to  review  the  present 

understanding  of  the  structure  of  electrochemical  Interfaces;  and  2)  to 
Identify  the  types  of  Information  which  optical  measurements  may  be  able 
to  contribute. 

The  structure  of  the  electrochemical  Interface  Is  a particularly 
challenging  problem.  A quantitative  description  Is  essential  to  the 
orderly  development  of  electrochemical  surface  science  and  yet  even  the 
qualitative  description  of  the  Interface  remains  In  doubt,  despite  a very 
substantial  literature  on  this  topic  (for  review  see  ref.  1-3).  Electro- 
chemical Interfaces  usually  Involve  steep  potential  gradients  and  strong 
Interactions  of  the  solvent  and  other  electrolyte  phase  species  with  the 
metal  or  semiconductor  electrode  surface  as  well  as  with  other  electrolyte 
phase  components.  This  means  that  discrete  charge  effects  and  discrete 
Interactions  must  be  taken  Into  account  In  any  reliable  theoretical  model. 

On  the  other  hand,  very  little  Information  Is  available  concerning  the 
chemical  Interactions  of  the  adsorbed  species  with  the  electrode  and  the 
adsorption  sites.  The  extrapolation  of  solld-gas  Information  concerning 
Interaction  energies,  configurations  and  adsorption  sites  to  electrochemical 
Interfaces  Is  precarious  since  the  Interactions  of  the  various  adsorbed 
species  with  the  electrolyte  phase  components  (particularly  the  solvent) 


are  usually  strong 


Part  of  Che  problem  Is  a general  lack  of  good  molecularly  specific 
experimental  techniques  for  examining  the  chemical  structures  of  electro- 
chemical Interfaces,  analogous  to  the  various  spectroscopic  techniques  which 
have  proved  so  helpful  in  establishing  the  molecular  structure  and  Inter- 
action chemistry  in  the  bulk  gas  and  condensed  phases.  In  many  Instances 
electrochemical  measurements  provide  sensitive  tools  for  the  detection  of 
changes  In  the  structure  of  the  electrochemical  Interface  and  particularly 
the  adsorption  of  various  species  even  down  to  small  fractions  of  a 
monoloayer,  but  they  lack  the  needed  molecular  level  specificity  to  Identify 
the  nature  of  the  surface  Interactions.  Even  the  charge  on  electrosorbed 
species  cannot  be  determined  electrochemlcally  because  of  the  difficulty 
of  resolving  what  fraction  of  the  externally  provided  charge  Is  transferred 
to  the  adsorbed  species  rather  than  just  residing  on  the  metal  surface, 
compensating  the  charge  of  the  electrosorbed  species  and  the  renainder 
of  the  ionic  double  layer  (see,  e.g.,  ref.  4-8). 

The  most  promising  general  experimental  approach  for  obtaining  molecu- 
lar level  information  is  ^ situ  optical  spectroscopy.  Tables  1 and  2 
summarize  the  various  optical  spectroscopic  techniques  which  are  available 
for  iji  situ  studies  of  electrochemical  interfaces  and  the  types  of  informa- 
tion which  the  electrochemist  may  hope  to  derive  frem  such  measurements. 

The  literature  contains  reports  of  the  use  of  eJ.1  of  these  methods  with 
some  degree  of  success  in  electrochemical  studies,  with  the  exception  of 
photo-acoustic  spectroscopy.^  Ultraviolet-visible  reflectance  spectroscopy 


Photo-acoustic  spectroscopy  involves  the  determination  of  the  optical 
absorption  spectrum  of  surface  layers  by  illiminating  the  surface  with 
modulated  monochromatic  light  and  then  detecting  the  optical  absorption 
through  the  thermally  generated  sound  in  the  ambient  phase  as  a function 
of  optical  wavelength.  This  method  lends  itself  to  surfaces  of  very 
poor  optical  quality  such  as  high  area  catalyst  layers  and  should  prove 
useful  for  examining  the  valency  state  of  various  electrocatalysts. 


including  ellipsometric  spectroscopy  are  sensitive  to  the  surface  electronic 
properties  of  metal  and  semiconductors  and  changes  in  these  properties 
produced  by  interactions  with  various  species  originating  from  the 
electrolyte  phase.  Ultraviolet-visible  spectroscopy  cam  also  provide 
chemical  information  concerning  catalyst  layers,  passivation  layers  and 
in  general  the  vairious  mono-  and  multi-layers  which  plf/  a critical  role 
in  controlling  electrochemical  processes.  A number  of  electrochemists 
have  made  use  of  these  optical  techniques  to  study  electrochemical  inter- 
faces and  particularly  electrosorption  and  passivation  over  the  past  decade. 
To  date  these  studies  have  contributed  relatively  little  further  tmderstanding 
concerning  the  electronic-chemical  features  of  the  interface.  Substantial 
information  is  contained  in  the  UV-visible  reflectance  and  ellipsometric 
data;  the  problem  is  to  extract  and  interpret  this  information.  This 
problem  is  not  restricted  to  electrochemical  interfaces. 

Vibrational  data  for  adsorbed  species  including  water  itself  would  be 
quite  helpful.  In  situ  infrared  studies  have  been  carried  out  (10,11) 
using  multiple  attenuated  total  reflection  techniques  and  infrared  trans- 
parent electrode  substrates,  but  have  not  yielded  much  information  concerning 
adsorbed  species.  Solvent  absorption  and  sensitivity  have  been  serious 
problems.  In  situ  Raman  (l3a,b,c),  including  resonant  Raman  (lU,15)  where 
applicable, may  prove  more  promising  for  studies  of  adsorbed  species, 
particularly  since  water  is  not  a problem. 

It  is  unfortunate  that  the  elegant  surface  physics  techniques  such  as 
LEED,  UPS,  XPS  and  Auger  cannot  be  applied  im  situ  to  electrochemical 
studies.  Even  so,  efforts  are  in  progress  to  use  these  techniques  ex  situ 
in  electrochemical  studies  with  special  procedures  for  minimizing  structural 
changes  during  the  transfer  between  the  electrochemical  and  high  vacuum 
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environments  (16-21),  Despite  the  special  features  of  electrochemical 
Interfaces,  parallel  solld-gas  and  electrode-electrolyte  Interface  studies 
should  prove  quite  helpful  In  better  understanding  electrochemical  Interfaces. 

II.  Basic  Structural  Features  of  Electrochemical  Interfaces 
A.  The  Diffuse  Layer 

The  Ionic  double  layer  on  the  electrolyte  side  of  the  electro- 
chemical Interface  Is  considered  to  consist  of  two  regions:  a Helmholtz 
or  compact  layer  across  which  most  of  the  potential  drop  occurs,  and  a 
diffuse  Ionic  layer  (Gouy-Chapman)  extending  out  Into  the  electrolyte 

phase  (see  Fig.  la).  The  diffuse  Ionic  layer  presents  no  problem  for 
solutions  sufficiently  dilute  that  point  charge  treatments  In  a dielectric 
continuum  are  applicable  (see  ref.  1-3,  42).  For  a symmetrical  electrolyte 
^z^  * z_  “ z),  the  potential  distribution  Is  given  by 

< “ ^ tanh“^  exp[p  - ksc]  (1) 

where  the  Debye  reciprocal  length  K Is  given  by 

2 _ STTz^e^  ^ (la) 

ekT 

ze^2 

and  p = In  tanh[-^]  + KX2  (lb) 

e Is  the  dielectric  constant  of  the  solvent,  c Is  the  bulk  concentration 
of  the  electrolyte  and  the  subscript  2 corresponds  to  the  plane  of  closest 
approach  of  the  solvated  Ions  to  the  electrode  surface,  l.e.  the  outer 
Helmholtz  plane  (see  Fig.  2).  For  large  values  of x-X2»  the  potential 
dependence  approaches  the  form 


1 


^ “ A exp  -<x 


(2) 


In  electrochemical  reactions,  the  position  X2  is  often  considered  as 
the  pre-reaction  state  for  non-specifically  adosrbed  species  prior  to  the 
charge  transfer  process.  The  concentration  of  charged  reacting  species  in 
this  plane  can  be  calculated  frum  Further  the  potential  drop  across 

the  Helmholtz  layer  controls  the  height  of  the  potential  energy 

barrier  for  the  charge  transfer  process.  Consequently  is  needed  in 
order  to  correct  for  ionic  double  layer  effects  in  electrode  kinetic  studies. 

This  potential  can  be  calculated  from  the  net  charge,  q,  in  the  ionic 
double  layer  in  the  absence  of  specific  ionic  adsorption  using  the  equation 


^ “ ^‘4>2-s 

+ <‘^->2-s 

(3) 

where 

^V>2-s 

.RT£  \^5r 
= (-^  c)  "[exp  ■ 

V<*2 

- 2kT  - 

(3a) 

and 

^*J->2-s 

,RTe  .Hr 
= -iff  c)  [exp 

z_ej5_ 
2kT  " 

(3b) 

The  charge  q can  be  determined  from  experimental  data  for  the  differential 
capacitance  C using  the  equation 

q = J C dE  (4) 

E 

pzc 

where  E is  the  electrode  potential  relative  to  a reference  electrode  and 
^pzc  corresponding  value  when  q = 0,  l.e.  the  potential  of  zero 

charge  (pzc).  At  the  pzc,  the  potential  drop  across  the  Interface  should 
be  only  that  associated  with  the  surface  dipoles  and  hence  close  to  zero. 
Alternatively,  with  liquid  metal  electrades  the  charge  q can  also  be  eval- 
uated from  the  Interfaclal  tension  Y using  the  Llppmann  equation  (2.7) 


with  the  chemical  potentials  of  all  bulk  components  kept  constant. 

The  Gouy-Chapman  treatment  is  a dilute  solution  theory  and  breaks  down 
at  practical  concentrations  0.1  M) . Factors  which  contribute  to  this 
breakdown  include  the  non-ideality  of  the  solvent  as  a dielectric,  the 

polarizability  of  the  ions  and  short  range  repulsion  effects.  Various 
workers  have  attempted  to  extend  the  Gouy-Chapman  treatment  by  taking  into 
account  dielectric  saturation  (25,  26)  and  the  dependence  of  the  dielectric 
constant  on  electrolyte  concentration.  Several  theorists  have  used 
statistical  mechanical  methods  to  develop  treatments  applicable  to  higher 
concentrations  (see  eq.  3,  28-30).  Barlow  (3)  has  treated  the  diffuse 
layer  using  cluster  theory  in  a manner  analogous  to  Friedman’s 
treatment  of  electrolytes  (23). 

At  concentrations  of  1 M and  higher,  the  Debye  length  (l/<)  approaches 
the  dimensions  of  the  solvated  ions  and  the  Gouy-Chapman  layer  is  no  longer 
really  diffuse.  All  of  the  presently  available  treatments  become  question- 
able. Fortunately  in  concentrated  electrolytes,  the  fraction  of  the 
potential  drop  across  this  layer  becomes  a small  fraction  of  the  total 
drop  across  the  Interface,  and  hence  the  potential  drop  across  the  "diffuse" 
layer  no  longer  has  much  effect  on  specific  ionic  adsorption,^  the  kinetics 
of  electrode  reactions  or  the  capacitance  of  the  interface. 

B.  The  Compact  Double  Layer 

Much  attention  has  been  focused  by  electrochemists  on  the  compact 


double  layer  because  of  its  imporance  to  the  understanding  of  electrochemical 
kinetics.  The  most  widely  accepted  model  is  that  shown  in  Fig.  2 as 
proposed  by  Bockrls,  Devanathan  and  Muller  (22)  for  a negatively  charged 
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electrode  in  an  electrolyte  such  as  NaCl.  The  cations  usually  interact 
much  more  strongly  with  the  solvent  in  the  inner  coordination  sphere  than 
do  the  anions.  Consequently  the  cations  are  shown  to  approach  in  significant 
numbers  onto  an  outer  Helmholtz  plane  position  (X2  in  Fig.  lb)  with  essen- 
tially two  water  molecules  Interposed  between  them  and  the  electrode.  The 
for  anion  adsorption  with  the  exception  of  fluoride  anions  are 
much  lower  and  hence  they  are  able  relatively  easily  to  approach  directly 
to  the  electrode  surface.  Thus  "specific"  adsorption  occurs  with  the 
orbitals  of  the  anions  interacting  directly  with  orbitals  of  the  metal. 

If  the  chemical  interaction  is  sufficiently  strong,  the  anions  will  be 
specifically  adsorbed  even  if  the  metal  is  negatively  charged,  as  in  Fig.  2. 

A similar  situation  can  occur  for  cations  but  the  interaction  with  the 
electrode  must  be  usually  stronger  than  with  most  anions  in  order  to  offset 
the  larger  solvation  energy.  Figure  3 indicates  the  potential  energy- 
distance  relation  corresponding  to  cations  and  anions  in  Fig.  2.  The 
potential  of  zero  charge  is  shifted  by  specific  ionic  adsorption  [the 
Esin-Markov  effect  (30)]. 

Various  chemical  physicists  and  electrochemists  have  attempted  to 
develop  a theoretical  description  of  the  compact  double  layer  both  with 
and  without  specific  ionic  adsorption.  The  test  for  these  treatments  has 
generally  been  their  ability  to  account  for  the  differential  capacitance 
of  the  Hg  interface  as  functions  of  charge  or  potential  and  electrolyte 
concentration.  The  diffuse  and  compact  double  layer  contributions  to  the 
overall  differential  capacitance  of  the  Interface  are  generally  represented 
by  two  capacitances  in  series.  Thus 
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The  diffuse  layer  component  evaluated  from  eqs.  3,  3a,  3b  and 

for  a symmetrical  electrolyte  Is 


C 


2-s 


2 2^, 
,z  e ec>^ 

' 2iTkT  ^ 


ze^2 

cosh  <21^^  ) 


(7) 


This  equation  Indicates  that  the  diffuse  layer  contribution  goes  through  a 
minimum  at  ■ 0 and  hence  at  E ” E . Further,  C„  Is  very  large 

• pZC  Z“S 

compared  to  the  experimentally  observed  C except  In  dilute  solutions  and 

even  then  except  at  potentials  close  to  E .This  then  facilitates  the 

pzc 

evaluation  of  the  compact  layer  capacitance  since  In  solutions  of 

_>  0.1  M,  C^2  ^ C to  a good  approximation  even  at  and  furthermore  In 

dilute  solutions  It  Is  possible  to  calculate  C2  ^ ’reasonably  reliably 
(see  Fig.  4) . 

In  general  the  comparison  of  theory  and  experiment  In  terms  of  C^2 

and  Its  potential  dependence  has  not  been  Impressive.  The  htimp  In  the 

curve  at  potentials  positive  to  E (Fig.  4)  has  been  a rather  critical 

pzc 

t/^st  of  the  various  models,  one  that  most  treatments  have  not  satlsfactorially 
met.  Special  note  Is  taken  of  the  Intriguing  treatment  of  Buff  and 
Slilllnger  (30)  who  use  the  cluster  methods  of  statistical  mechanics. 
Unfortunately  they  assume  that  the  Interactions  Introduce  only  a small 
perturbation  In  the  behavior  of  particles  whose  motion  is  otherwise  un- 
coupled, Independent  and  random. 

Many  treatments  of  the  compact  double  layer  Involve  two-state  models 
for  water  (e.g.  22,  24,  26,  34-36)  where  the  two  states  may  correspond  to 
orientation  of  the  water  dipole  toward  or  away  from  the  surface  as  shown 
In  Fig.  2.  Recently  Damaskin  and  Frumkln  (37)  have  proposed  a model 

(without  specific  Ionic  adsorption)  In  which  the  water  at  the  interface  of 
the  Hg  electrode  exists  in  small  clusters  with  chemisorption  of  Indi'vldual 
water  molecules  occurring  at  more  positive  electrode  potentials.  The 
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clusters  are  assumed  to  have  a small  dipole  ooment  which  can  be  oriented 
either  toward  or  away  from  the  surface.  Parsons  (39)  and  Damashen  (38) 
have  refined  the  treatment  of  this  model  and  obtain  reasonably  good  fits 
to  the  experimental  capacitance  vs.  charge  data,  even  considering  the 
several  somewhat  adjustable  parameters.  Damaskln  used  Boltzmann  statistics 
to  calculate  the  surface  concentration  of  the  cluster,  assuming  that  the 
clusters  consist  of  a fixed  number  of  water  molecules  (n  ) and  have  their 
dipole  moments  oriented  toward  (N+^)  or  away  (N'l'^)  from  the  electrode  surface. 
Thus  if  is  the  total  number  of  entitles  on  the  surface,  then 

"t  - + *'*c  + ".d 

where 


- 

(1/fo) 

exp 

(y^X/kT) 

(8a) 

S*^/»T  - 

(1/fo) 

exp 

(-y^x/kT) 

(8b) 

*'.d''''T  ■ 

(1/f,) 

exp 

l(-U  + y^^X)/kT] 

(8c) 

with  the  function  f 

o 

f^  = exp(jj^X/kT)  + exp(-y^XZkT)  + exp[(-U  + y^^X)/kT]  (8d) 

and  corresponds  to  the  chemisorbed  water  molecules  with  the  dipole 

moment  "ad  and  specific  adsorption  energy  U at  zero  field  X.  Damaskin 

assigns  an  area  to  each  of  these  three  species  and  Imposes  a conservation 

of  surface  area  condition.  The  potential  drop  across  the  compact  layer 

d ■=  - do  is  then  assumed  to  be 

m 2. 

Ad  = Ai|)  + AX  (*<) 


-jJT'  ’ • 
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where  the  outer  potential  contribution  Ai|»  Is  given  by 
4tix, 

q (9a) 

and  the  surface  potential  contribution  Is 

AX  - ^ r Nilij 

(9b) 

and  1 corresponds  to  the  two  orientations  of  the  water  clusters  and  the 
chemisorbed  water;  q Is  the  electrode  charge.  Damaskln  takes  Into  account 
the  discreteness  of  the  charge  by  Introduction  of  a coefficient  X which  Is 
Intended  to  take  Into  account  the  action  of  the  field  of  all  other  dipoles 
on  the  particular  dipole  under  consideration.  Thus 

X . + X ^ (10) 

e X2  X2 

Differentiation  of  A(J)  with  respect  to  charge  then  leads  to  an  expression 
for  the  capacitance  contribution  of  the  compact  double  layer  as  a function 
of  several  parameters  including  the  dipole  moments  of  the  water  clusters 
and  chemisorbed  waters,  the  thickness  X2»  the  discreteness  factor  X and 
the  number  of  water  molecules  per  cluster.  Figure  5 compares  the  theor- 
etical and  experimental  values  of  C vs  q with  a reasonable  choice  of  these 
parameters  and  their  temperature  dependence  and  with  X taken  as  unity. 
Damaskln  concludes  from  such  comparisons  that  the  number  of  water  mole- 
cules per  cluster  Is  'V3  at  O'C  and  '^2  at  85 and  also  that  the  dipole 
moment  of  the  chemisorbed  water  is  much  larger  (vi^j=3.68D)  than  the  usual 
value  q=1.84D).  The  increment  in  the  compact  layer  separations  at 
more  positive  charge  density  is  caused  by  water  chemisorption  according 
to  this  model.  The  temperature  dependence  shown  In  Fig.  6 duplicates  the 

major  features  of  the  C vs.  q experimental  data,  including  the  temperature 

2 

Invariant  point  at  5pC/cm  . 


Similar  theoretical  results  have  been  obtained  by  Parsons  (39),  who 

has  extended  the  Damaskln-Frumkin  model  to  four  states:  individual  solvent 

molecules  with  their  dipole  moments  perpendicular  to  the  surface  and  toward 

or  away  from  the  metal;  and  clusters  also  with  their  net  dipole  moments 

toward  or  away  from  the  metal.  Parsons  concludes  that  the  most  probable 

size  of  the  clusters  ar  room  temperature  is  3 or  4 with  the  total  dipole 

of  the  cluster  equal  to  approximately  that  for  a single  molecule.  Parsons 

points  out  that  small  ring  clusters  of  water  molecules  have  some  stability 

on  the  basis  of  the  theoretical  considerations  of  Del  Bene  and  Pople  (41) . 

On  the  basis  of  the  three-water  molecule  model  of  these  workers.  Parsons 

concludes  that  this  cluster  should  have  the  three  O' s in  a plane  parallel 

to  the  electrode  surface  with  the  out  of  plane  OH's  oriented  at  62*  relative 

2 

to  this  plane.  The  surface  area  of  each  such  cluster  should  be  20A  . 

Despite  some  degree  of  agreement  between  the  Damaskin-Frumkin  model 
and  experiment,  the  source  of  the  hump  in  the  C vs.  E curves  and  the  high  C 
values  at  anodic  potentials  is  far  from  settled.  Using  a two-state  model 
with  individual  water  dipoles  oriented  towards  or  away  from  the  surface, 
Bockrls  and  Habib  (43)  have  concluded  that  the  solvent  cannot  be  the  source 
of  the  capacitance  hump.  Cooper  and  Harrison  have  also  used  a similar  two- 
state  model  (47).  More  recently,  Bockris  and  Habib  (46)  have  extended  their 
treatment  to  a three-state  model  by  including  a dimer-monomer  equilibrium  , 
on  the  surface.  Even  with  this  model  they  still  concluded  that  the  capaci- 
tance hump  is  not  the  result  of  a solvent  effect. 

Several  groups  including  Harrison  et  al.  (44),  Bockris  and  Habib  (43, 
46)  and  Reeves  (45)  have  used  the  experimentally  determined  temperature 
dependence  of  the  compact  layer  capacitance  to  show  that  the  solvent  sur- 
face excess  entropy  passes  through  a maximum  at  potentials  or  charge 
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slighcly  negative  to  the  pzc  (l.e.,  at  a surface  charge  density  of  -4  to 
2 

-6y/co  (44)].  This  Is  In  a region  where  there  are  no  special  features 
to  the  caplcatance  vs.  charge  density  or  potneltal  plots.  One  could 
normally  expect  the  maximum  solvent  polarizability  to  occur  when  the 
solvent  at  the  Interface  has  the  maximum  randomness  and  hence  maximum 
entropy.  This  condition  would  In  turn  correspond  to  the  maximum  or  hump 
In  the  capacitance  vs.  charge  curves.  Failure  for  this  to  be  the  situation 
is  cited  as  strong  evidence  against  solvent  effects  as  responsible  for  the 
hump  on  the  positive  side  of  the  pzc  (43-46). 

On  the  other  hand,  the  Damaskln  treatment  (38)  does  yield  a maximum 

!i 

In  the  3(1/C)/3T  vs.  charge  plot  at  small  negative  charge  densities,  rather 
close  to  that  observed  experimentally  for  Hg  In  aqueous  NaF  (see  Fig.  7). 

Since  the  surface  excess  entropy  of  the  solvent  Is  calculated  from  3(1/C)/9T 
as  a function  of  charge  density.  It  Is  expected  that  the  Damaskln  treatment 
should  also  lead  to  the  observed  maximum  In  the  entropy  at  small  negative 
charge  densities.^ 

A distinct  feature  of  the  Damaskln-Frumkln  and  Parsons  treatments  Is 
that  they  provide  for  changes  In  the  surface  concentration  of  water  as  well 
as  orientational  effects.  These  both  contribute  to  the  surface  excess 
entropy  and  also  the  compact  layer  capacitance.  The  Bockrls-Hablb  two  and 
three-state  models  are  such  that  only  orientational  contributions  are 
Included. 


Damaskln  (38)  points  out,  however,  that  a theory  which  accounts  for  the 
charge  dependence  of  the  surface  excess  entropy  may  not  necessarily  account 
for  the  temperature  dependence  of  the  compact  layer  capacitance.  For  example, 
the  Bockrls-Hablb  two-state  model  does  describe  reasonably  well  the  surface 
excess  entopy-charge  density  curves  for  Hg  In  aqueous  NaF  but  at  the  same 
time  predicts  a negligible  contribution  of  the  solvent  to  the  compact  layer 
capacitance,  and  hence  cannot  describe  C vs.  T. 
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Those  workers  who  are  opposed  to  solvent  effects  as  the  explanation 
for  the  features  of  the  C-q  curves  on  the  positive  side  of  the  pzc  propose 
specific  anionic  adsorption  as  the  cause  (see  e.g.  42-46),  even  with  electro- 
lytes involving  F anions.  With  other  anions  such  as  Cl  , Br  , I , SO^,  CIO^ 
there  Is  little  question  that  specific  adsorption  does  occur  with  the  anion 
perturbing  the  compact  layer.  The  F anion,  however,  has  been  presumed 
to  be  sufficiently  strongly  solvated  that  specific  adsorption  effects  should 
be  minor  and  probably  negligible,  at  least  until  very  anodic  potentials 
relating  to  are  reached.  Watts-Tobln  (35)  suggested  that  OH  adsorpt- 

tlon  may  occur  at  anodic  potentials.  In  support  of  such  specific  anion 
effects.  Is  the  observation  that  additions  of  HF2  anions  to  a KF  electrolyte 
produce  substantial  changes  In  the  shape  and  position  of  the  hump  (48) 

(see  Fig.  8).  Various  workers  have  attempted  to  correct  the  compact  layer 
capacitance  for  specific  anion  adsorption  (see  e.g.  49,50)  but  It  is  not 
clear  that  the  corrections  are  valid. 

Capacitance  measurements  for  Hg  In  various  organic  solvents  show  humps 
or  maxima  on  the  anodic  side  or  cathodic  side  of  the  pzc  or  both  (57) . 

In  some  Instances  there  is  little  doubt  that  the  hump  is  the  result  of 
specific  Ionic  adsorption  because  of  the  strong  dependence  on  the  type  of 
anion.  In  other  Instances,  specific  anion  adsorption  is  not  a likely 
explanation. 

It  is  quite  evident  that  electrochemical  methods  alone  are  not  able 
to  resolve  the  question  of  the  structure  of  the  water  layer  adjacent  to 
the  metal  electrode.  The  vibrational  spectrum  of  this  layer  could  be  of 
Immense  help  but  neither  Infrared  or  Raman  are  promising  because  of  the 
problem  of  distinguishing  the  properties  of  a monolayer  of  water  in  a sea 
of  bulk  water.  Efforts  have  been  made  by  Bewick  and  Robinson  (52)  to 


obtain  the  optical  constants  of  the  water  In  the  compact  layer  on  lead 
and  mercury  using  UV-vlslble  reflectance  spectroscopy  but  questions  exist 
concerning  their  method  for  extracting  Information  concerning  the  water  layer 
from  the  reflectance  data. 

In  the  discussion  so  far,  the  electrode  surface  has  been  treated  as 
a well-defined  plane  and  the  electronic  properties  of  the  electrode  prop- 
erties of  the  electrode  plane  not  considered.  The  electronic  properties 
of  the  electrode  phase  will  be  addressed  by  other  speakers  In  conjunction 
with  the  Interpretation  of  the  optical  properties.  Even  so,  a qualitative 
description  Is  desirable  at  this  point  to  complete  the  discussion  of  the 
compact  layer. 

The  truncation  of  the  conduction  band  orbitals  at  the  electrode  surface 
results  In  an  evanescent  wave  extending  into  the  Interface.  When  the  charge 
on  the  metal  q^  is  changed,  the  extent  to  which  the  evanescent  wave  extends 
out  from  the  metal  surface  changes,  as  shown  In  Fig.  9.  The  water  dipoles 
and  any  ionic  species  In  the  inner  Helmholtz  plane  feel  this 

tall  of  this  electron  density  decay  curve.  Even  if  there  is  no  strong 
localized  orbital  Interactions,  their  distance  of  approach  will  be  Influenced 
and  the  potential  distribution  across  the  compact  double  layer  changed. 
Further,  at  high  positive  charge  the  extension  of  the  evanescent  wave 
out  from  the  surface  will  be  depressed.  Under  this  circunstance,  the  s _ 
conduction  band  electrons  may  no  longer  be  as  effective  in  shielding  the 
more  tightly  bound  d orbitals  at  the  surface  and  specific  interactions 
between  the  solvent  and  the  d orbitals  of  the  metal  may  become  more  probable. 
It  Is  hoped  that  information  concerning  such  Interactions  will  be  forth- 
coming from  optical  studies  but  so  far,  the  electroreflectance  data  have 
yielded  little  new  insight. 
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III.  Adsorption  at  Electrochemical  Interfaces 
A.  General  features 

With  solid  electrodes  and  probably  even  with  liquid  metals  such 
as  Hg,  the  understanding  of  the  compact  layer  requires  information  con- 
cerning the  possible  adsorption  sites  for  water  and  anionic  species. 

With  species  that  are  strongly  adsorbed  and  only  weakly  interact  with 
other  solutions  phase  species,  it  may  be  possible  to  gain  Insight  into  the 
most  likely  adsorption  sites  from  theoretical  and  experimental  studies  of 
adsorption  at  single  crystal  solid-gas  interraces.  Many  theorists  are 
Involved  in  efforts  to  calculate  the  heats  of  adsorption  of  hydrogen,  oxygen, 
water,  carbon  monoxide  and  other  species  on  various  sites  on  metal  surfaces 
using  a variety  of  methods  including  LCAO,  extended  Hiickel  molecular  orbital 
theory  and  Xa  scattering.  Leban  and  Hubbard  (53)  appear  to  be  the  first 
electrochemists  to  attempt  to  calculate  such  information  for  species  of 
special  interest  to  the  understanding  of  the  compact  layer.  Using  the 
iterative  extended  Hiickel  molecular  orbital  technique,  they  have  arrived  at 
the  preferred  sites  shown  in  Fig.  10  for  various  species  on  the  Pt(III) 
surface.  Aside  from  the  limitations  of  the  lEHMO  teachnique,  the  calcu- 
lation has  other  questionable  features.  Specific  interactions  of  the 
adsorbed  species  with  solution  phase  components  are  not  considered;  some 
are  strong.  Further,  only  five  Ft  atoms  of  the  metal  phase  are  Included 
in  the  treatment  (see  Fig.  11).  Even  so,  this  calculation  represents 
a first  step  for  electrochemists. 
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With  solid  electrodes,  the  potential  of  zero  charge  and 
the  double  layer  capacitance  should  be  dependent  on  the  surface 
orientation.  Ample  evidence  exists  for  such  dependence  in  the 
literature  for  metals  (see  e.q.  54-60)  as  well  as  graphite  (61,62). 

In  general  the  potential  of  zero  charge  appears  to  be  most 
positive  on  the  plane  with  the  highest  atom  density  for  fee  metals 
such  as  Ag  and  Au. 

B.  Hydrogen  electrosorption 

Electrosorption  plays  a key  role  in  electrocatalysis,  a subject 
which  has  taken  on  new  significance  because  of  the  world-wide  energy 
problems.  The  adsorption  of  hydrogen  is  among  the  most  important 
because  of  its  involvement  as  an  intermediates  in  a number  of  electro- 
chemical processes.  By  far  the  most  studied  metal  surface  for 
hydrogen  adsorption  is  platinum.  Linear  sweep  voltammetry  indicates 
a number  of  peaks  (Fig.  12),  whose  potential  and  height  are  strongly 
dependent  on  the  type  of  electrolyte.  Conway  et  al.  (64)  have  observed 
up  to  five  peaks  in  sulfuric  acid.  Various  explanations  have  been 
proposed  including  different  adsorption  sites  on  a given  single  crystal 
surface,  a distribution  of  crystallographic  surfaces,  induced  heter- 
ogeneity associated  with  hydrogen  adsorption  itself  (64)  and  anion 
adsorption  which  induces  heterogeneity  by  blocking  sites  to  varying 
degrees  and  perturbing  adjacent  sites  (63).  The  pronounced  dependence 
of  the  hydrogen  electrosorption  on  the  type  and  concentration  of 
anion  (Fig.  12)  indicates  that  hydrogen  adsorption-desorption  are 
coupled  to  anion  desorption- adsorption  (63) . 
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In  an  attempt  to  resolve  this  problem,  various  electrochemists 
have  examined  hydrogen  electrosorption  on  single  crystal  Pt.  Will  (65) 
examined  the  low  index  planes  (100),  (110)  and  (111)  Jind  found  the 
same  two  major  peaks  on  these  three  orientations  although  the  relative 
heights  depended  on  the  crystal  orientation.  The  single  crystal  Pt 
electrodes  studied  by  Will  probably  did  not  expose  a single  crystal- 
lographic surface.  The  distribution  of  crystallographic  surface  planes 
depends  on  the  overall  orientation  and  the  extent  to  which  the  surface 
has  been  cycled  to  anodic  potentials.  Will  arrived  at  the  conclusion 
that  the  strongly  adsorbed  hydrogen  peak  IV  (Fig.  12)  corresponds 
to  the  100  plane  and  the  weakly  adsorbed  peak  I to  the  (110)  plane. 

Rather  analogous  results  have  been  reported  by  Bronel  et  al.(66)  for  the 
Pt  (100)  and  (111)  surfaces.  These  workers  used  electron  microscopy 
to  establish  that  the  surfaces  were  facet-free.  Kinoshita  and  Stonehart (67) 
have  examined  hydrogen  adsorption  on  dispersed  Pt  as  a function  of 
crystallite  size  and  find  a dependence  which  they  interpret  as  further 
evidence  that  the  multiple  peaks  result  from  different  surface  crystal- 
lographic structures. 

In  contrast,  Bagotzky  et  al.  (68)  and  Conway  et  al.  (64)  have  con- 
cluded from  their  single  crystal  Pt  studies  that  there  is  little  differ- 
ence in  the  hydrogen  adsorption  on  the  (100)  (110)  and  (111)  planes. 

Conway  et  al.  (64)  attribute  the  multiple  peaks  principally  to  induced 
heterogeneity  arising  from  collective  long-range  electronic  interactions. 

The  probability  is  high  in  all  of  the  single  crystal  studies  just 
cited  that  the  surface  prevailing  during  the  electrochemical  measurements 
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does  not  correspond  to  a single  crystal  plane.  Even  if  the  Pt  crystal 
has  only  one  plane  predominant  before  the  electrosorption  measurement, 
these  authors  generally  cycled  their  electrodes  to  anodic  potentials 
in  the  anodic  film  region  to  oxidize  or  desorb  interfering  surface 
contaminants  and  this  procedure  is  likely  to  cause  restructuring. 

Recently  several  groups  have  attempted  to  devise  techniques  which 
permit  the  introduction  of  a single  crystal  surface  of  predominantly 
one  plane  and  free  of  impurities  into  an  electrochemical  environment 
with  a minimum  possibility  of  restructuring  and  contamination.  These 
include  A.  Hubbard  at  the  University  of  California  at  Santa  Barbara(16,18) , 
J.  A.  Joebstl  at  Fort  Belvoir  (19),  P.  N.  Ross  at  United  Technology  (20) 
and  the  author's  group  at  Case  Western  Reserve  University  (17,21). 

Each  group  has  turned  its  attention  to  the  (100),  (11)  and  (111)  planes 
of  Pt  and  first  establishes  that  the  surface  is  predominantly  one  plane 
using  low  energy  electron  diffraction  (LEED)  and  free  of  surface  impuri- 
ties down  to  a few  percent  of  a monolayer  using  Auger  electron  Spectros- 
copy. 

The  key  features  of  the  techniques  used  by  the  author's  group  (75) 
are  vacuinn  transfer  with  99.9999%  argon  admitted  to  the  vacuum  systems 
Just  prior  to  the  electrochanical  measurements;  thin-layer  electrochemical 
cell  techniques  to  avoid  contamination;  and  introduction  of  the  Pt  single 
crystal  surfaces  into  the  electrolyte  at  controlled  potentials  in  the 
hydrogen  adsorption  region.  In  the  cyclic  voltammetry  studies  of  hydrogen 
electrosorption,  the  potentied  range  is  restricted  to  +0.05  to  O.UO  V vs  RHE 
to  reduce  any  possible  restructuring.  The  voltammetry  curves  on  the  single 
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crystal  Pt  surfaces  retract  with  repeated  cycling,  starting  with 
the  very  first  sweep.  If  the  voltage  sweep  is  extended  into  the 
anodic  film  formation  region  to  ^ 1.4V  vs.  RHE,  the  hydrogen  adsorp- 
tion region  changes  significantly  with  new  peaks  appearing  or  very 
minor  peaks  becoming  major  peaks,  depending  on  the  original  surface. 
This  is  probably  the  result  of  restructuring  although  the  possibility 
exists  that  oxygen  has  been  irreversibly  adsorbed  into  sites  within 
the  surface  layer. 

On  the  Pt  (100)  surface,  Hubbard  et  al.  (18),  Ross  (20)  and  our 
group  (21)  find  one  predominant  peak  (Fig.  13)  corresponding  to  the 
strongly  adsorbed  hydrogen  peak  on  polyciystalline  Pt  in  acid  solu- 
tions. The  LEED  pattern  for  the  Pt  (100  indicates  a 5 x 1 overlayer 
mesh  (15,21).  This  surface  probably  reverts  to  (1x1)  in  contract  with 
the  electrolyte.  On  the  Pt  (111)  surface,  our  group  finds  only  a 
minor  peak  corresponding  to  weakly  adsorbed  hydrogen  while  Ross  and 
Hubbard  et  al.  report  a major  peak.  The  source  of  this  discripancy 
is  not  fully  clear  but  may  be  caused  by  exposure  to  or  cycling  of  the 
electrode  to  potentials  in  the  anodic  film  region  by  the  other 
groups.  Alternatively  our  Pt  (ill)  surface  might  have  sc*:e  of  the 
sites  blocked  by  an  impurity  but  Auger  does  not  indicate  suiy  such 
impurity.  In  any  event,  the  presence  of  only  one  major  peak  on  the 
(lOO)Pt  surface  provides  strong  evidence  that  the  principal  peaks 
on  polycrystalline  Pt  correspond  to  different  crystallographic  planes. 

Hydrogen  adsorption  has  been  studied  on  polycrystalline  Pt 
electrodes  using  UV-visible  reflectance  spectroscopy  by  McIntyre  and 
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Kolb  (69)  and  Bewick  and  Tuxford  (70).  The  strongly  bound  hydrogen 
(Peak  IV  in  Fig.  12)  produces  only  a small  reflectance  increase  at 
435  nm  while  the  weakly  bound  component  (Peak  I)  produces  a laxger 
reflectivity  decrease  (70).  The  means  by  which  the  hydrogen  adsorp- 
tion produces  these  optical  changes  have  not  yet  been  established. 

The  effect  may  be  caused  principally  by  changes  in  the  surface  con- 
ductivity rather  than  by  the  chemical  bonding  itself. 

C.  Underpotential  electrodeposition  of  other  species. 

Various  metal  cations  electrodeposit  on  foreign  metal  substrates 
in  mono-and  submonolayers  at  potentials  far  below  the  reversible  poten- 
tials for  electrodeposition  of  the  bulk  metals.  UPD  is  of  considerable 
interest  to  electrochemists  because  of  the  importance  of  such  layers 
to  the  understanding  of  electroplating  (78)  as  well  as  the  interesting 
electrocatalytic  properties  of  such  layers  (e.g.  79,80).  These  layers 
range  from  principally  ionic  to  metallic  depending  on  the  particular 
solution  phase  species,  substrate,  coverage  and  potential.  This 
phenomenon  resembles  somewhat  the  adsorption  of  metal  atoms  from  the 
gas  phase  on  foreign  metal  substrates  (see  e.g.  81-85)  except  that  the 
solvent  (particularly  water)  at  the  interface  tends  to  enhance  the 
ionic  character  of  the  bonding  of  the  adsorbate  to  the  metal  substrate. 
Field  emission  studies  (e.g.  86-87)  have  helped  to  identify  the  nature 
of  the  electronic  interactions  for  such  layers  on  metals  ^ vacuo . 
Quantum  mechanical  models  have  been  developed  for  the  interaction  of 
the  valency  orbitals  of  the  adsorbed  species  with  the  conduction  and 
valence  bands  of  the  metal  substrate  (e.g.  88).  LEED  studies  have 
indicated  ordering  in  some  such  monolayers  (e.g. 83).  Unfortunately 
such  information  can  not  be  translated  to  the  cor^  .isponding 
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electrochemical  interface  because  the  interactions  with  solvent 
are  expected  to  be  strong  in  many  instances.  Various  electrochemi- 
cal methods  (for  a review  see  ref.  89)  have  been  used  to  obtain  in- 
formation concerning  coverage  and  the  charge  supplied  to  the  electrode 
but  have  yielded  little  atomic  level  information  concerning  the 
absorbate-substrate  bonding.  Bowles  and  Cranshaw  (90)  have  obtained 
in  situ  Mossbauer  data  for  Sn  on  Pt,  indicating  metallic  character 
for  the  UPD  layer  but  Mossbauer  spectroscopy  is  quite  limited  in  its 
applicability.  The  principal  spectroscopic  tool  has  been  UV-visible 
reflectance  spectroscopy  (76,91-94),  including  ellipsometry  (77). 

The  optical  data  carry  quantitative  information  concerning  the  surface 
interactions  involved  in  UPD  but  the  interpretation  of  such  data  is 
still  in  a very  qualitative  state  (9). 

The  various  features  of  UPD  are  well  illustrated  by  Pb  on  Au  sub- 
strates. Figures  14  and  15  indicate  the  current-voltage  curves  for 
the  adsorption  and  desorption  of  Pb  species  during  linear  voltage 
sweeps  for  vapor  deposited  polycrystalline  and  single-crystal  Au  sub- 
strates. Conway  (95)  has  resolved  7 peaks  for  the  UPD  of  Pb  on  poly- 
crystalline Au.  The  substrate  morphology  has  a pronounced  effect  on 
these  voltammetry  curves  as  well  as  the  charge-potential  curves  (Fig.  16) 
Similar  effects  have  been  reported  for  other  cations  on  single  crystal 
Au  by  Schultze  and  Dickertmann  (71) . The  peaks  in  the  voltammetry 
curves  are  accompanied  by  relatively  large  changes  in  the  reflectivity 
and  ellipsometric  parameters  (77). 

The  widths  of  the  voltammetry  peaks  attending  the  adsorption 
and  desorption  of  a solution  phase  species  depend  on  the  heterogeneity 
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of  the  surface  and  the  interactions  between  adjacent  species  in 
the  UPD  layer  and  also  the  water  Molecules  at  the  interface. 

Attractive  interactions  between  the  adsorbed  species  cause  the  peak 
to  narrow  down.  The  sharp  peak  at  ♦ 0.050V  vs  SHE  in  Fig.  14,  however, 
is  extremely  narrow  and  has  fine  structure  which  is  not  fully  re- 
solved. The  effects  of  sweep  rate  and  electrolyte  concentration  (83) 
indicate  that  this  peak  does  not  correspond  to  adsorption-desorption 
but  rather  a transition  within  the  UPD  layer  involving  a change  in 
the  surface  charge.  This  change  might  be  an  order-disorder  transition 
of  the  type  observed  with  adsorbed  layers  at  metal-vacuum  interfaces. 

On  the  other  hand,  the  change  in  charge  attending  this  peak  is  large 
(see  Fig.  16),  and  further,  the  ellipsometric  measurements  indicate 
a pronounced  change  to  a more  metallic-like  layer  (84).  It  has  been 
proposed  (76)  that  this  peak  corresponds  to  a phase  transition  in  which 
the  adsorbed  Pb  species  with  significant  ionic  character  condense 
into  metallic  patches.  The  situation  may  be  represented  as  follows 


a. 


Pb^"^  + (2-y)e 


b. 


where  Reaction  a corresponds  to  the  more  anodic  voltammetry  peaks  and  j 

Reaction  b to  the  very  sharp  peak  in  Fig.  14.  Unfortunately  it  is  not 
possible  to  measure  directly  y in  Reactions  a and  b since  the  charge 
passed  through  the  external  circuit  includes  the  charge  necessary  t'' 
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compensate  changes  in  the  ionic  double  layer. 

A probable  model  for  the  interactions  of  the  adsorbed  Pb  with 
the  Au  substrate  and  other  adsorbed  lead  ions  or  atoms  is  presented 
in  Fig.  17  A and  B for  low  moderate  coverage  where  the  lead  is  ionic 
and  in  Fig.  17  C and  D for  high  coverage  where  the  Pb  is  metallic. 

The  representation  is  that  usually  employed  for  adsorption  at  metal-gas 
interfaces  (see  e.g.  87)  and  makes  no  attempt  to  show  solvent  states.  i 

Further,  these  figures  are  applicable  at  or  near  the  point  of  zero  | 

charge  (pzc)  where  the  potential  gradients  associated  with  differences  i 

in  the  potentials  of  the  metal  and  solution  phases  are  small  compared 
with  those  intrinsic  to  the  electronic  structure  of  the  interface. 

Figures  17A  and  C represent  the  potential  energy  profiles  perpendicular 
to  the  surface  through  the  center  of  a Pb  ion  or  atom  while  Ftg.  17  B 
and  D represent  the  corresponding  profiles  parallel  to  the  surface  through 
the  center  of  nearest  neighbor  Pb  ions  or  atoms.  The  dashed  lines  repre- 
sent the  potential  energy  of  an  electron  when  there  is  no  interaction, 
electrostatic  or  otherwise,  between  the  Au  and  Pb.  The  solid  curves 
are  the  combined  potential  energy  curves. 

In  Fig.  17  A and  C the  potential  energy  curve  between  the  metal 
surface  and  the  Pb  is  lowered  near  the  intersection  of  the  two  separate 
curves  by  resonance  splitting.  At  high  coverages,  this  resonance 
splitting  is  much  larger  than  at  low  coverages  because  the  three-dimen- 
sional aspect  of  Pb-Pb  as  well  as  Pb-Au  interactions  becomes  important. 

In  Fig.  17  A the  valence  orbitals  (6p)  of  the  adsorbed  Pb  are 
broadened  through  interaction  with  the  orbitals  of  the  Au  with  part  of 
the  Pb  valence  orbital  band  below  the  Fermi  level.  This  results  in 
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a charge  on  the  adsorbed  Pb  of  less  than  +2.  The  depression  of  the 
potential  energy  barrier  between  the  Pb  and  Au,  however,  is  assumed 
not  to  be  sufficent  to  reduce  the  top  of  the  barrier  below  the  Fermi 
level  and  thus  in  this  case,  the  Pb-Au  interaction  is  not  yet  metal- 
liclike.  The  possibility  that  the  barrier  has  been  pulled  down  below 
the  Fermi  level,  even  at  low  coverages,  cannot  be  ruled  out  at  this 
time,  but  this  is  unlikely  without  the  three-dimensional  interactions 

i 

within  the  layer  as  well  as  between  the  layer  and  the  substrate. 

Such  three-dimensional  interactions  are  to  be  expected  at  high 
coverages.  In  Fig.  17  C and  D,  the  barriers  are^shown  depressed  be- 
low the  Fermi  level,  i.e.,  the  lead  layer  is  metallic.  The  phase 
transition  to  which  the  sharp  Pb  voltammetry  peak  is  ascribed  serves 
to  bring  the  Pb  species  into  the  close  proximity  required  to  achieve  j 

metallic  properties  for  the  layer. 

I 

The  potential  energy  plots  in  Fig.  17  will  change  with  electrode  i 

potential,  at  least  qualitatively,  in  a manner  similar  to  that  | 

used  to  represent  the  situation  in  field  emission  at  metal-vacuum  | 

interfaces  (87).  In  Fig.  17  A, the  barrier  will  be  lowerd  as  the  j 

I 

electrode  potential  is  driven  cathodic.  Once  the  barrier  falls  below  > 

the  Fermi  level,  however,  the  fraction  of  the  electrode  potential  | 

difference  felt  by  this  barrier  will  become  very  small  because  of  j 

the  metallic  properties  of  the  Pb  and  the  smallness  of  the  Thomas-Fermi  i 

i 

screening  distance. 

Conclusion;  This  discussion  indicates  that  the  electrochesnist  has  very 

little  quantitative  understanding  of  his  interfaces  and  that  even  his 

qualitative  models  are  often  in  doubt.  Hopefvilly  in  situ  optical  methods 

combined  with  theoretical  methods  will  lead  to  new  insight  into  the  nature 

of  electrochemical  interfaces.  i 
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Table  1.  ^ situ  optical  spectroscopic  techniques  for  the  study 

of  electrochemical  interfaces 

1.  specular  reflectance  spectroscopy  and  ellipsanetry: 
external,  internal 


2.  diffuse  reflectance  spectroscopy 

3.  transmission  spectroscopy  (transparent  substrates) 
1(.  Raman  (including  resonant  Ramon) 

5.  surface  Brillouin 

6.  photo-acoustical  spectroscopy 

7.  photon  assisted  charge  transfer 
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Table  2.  T5rpes  of  information  from  optical  studies  of 
electrochemical  interfaces 

1.  electronic  surface  properties:  metal  and  semiconductor 
electrodes 


2.  adsorption  of  electrolyte  phase  species 

a.  type  of  bonding 

b.  adsorption  isotherms 

c.  adsorption  kinetics 

3.  passivation  layers 

a.  structxu*e,  thickness 

b.  kinetics  of  formation  and  reduction 

U.  battery  cathodes:  valency  state-composition  information 

5.  reaction  intermediates:  identification  sind  quantitative  analysis 

6.  identification  of  surface  groups  attached  to  the  electrode 
surface  (e.g.,  carbons,  graphites,  compound  semiconductors, 
derivatized-chemically  modified  surfaces) 
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a.  vithout  specific  ionic  adsorption 
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b.  with  specific  ionic  adsorption 

Ficurc  1. 
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• ( 


Potential  distribution  across  the  electrochemical  surface  and 
vithout  ionic  specific  adsorption.  Region  I:  Helmholtz  layer 

(compact).  Region  II;  Gouy-Chapmnn  layer  (diffuse). 

Xg-di stance  of  closest  approach  vithout  specific  adsorption, 
x^-distance  of  closest  approach  of  specifically  adsorbed  ion. 
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a.  vithout  specific  ionic  adsorption 


Figure  3.  Potential  energy  versus  distance  for  anions  and  cations 
corresponding  to  Fig.  2. 


£ versus  N.C.E.  (voKs) 


Figure  U.  Differential  capacitance  versus  potential  for  Hg  in  O.916  M 
NaF  at  25°C.  Points:  experimental.  Dashed  line:  compact 

layer  component  after  correction  for  diffuse  layer 
contribution  [Grahame  (33)]. 
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Figure  5.  Corapact  layer  capacitance  versus  charge  according  to 
Dainaskin  (38).  Solid  lines  and  points  correspond  to 
experimental  data  of  Grahame  (UO)  for  Hg  in  aqueous  NaF. 
Dashed  line  corresponds  to  theoretical* Curves  1,  1'':  0®C. 
Curves  2,  2' i 8U®C.  Consult  ref.  38  for  various  psa-ameters 
used  in  calculating  the  theoretical  curves,  (n  =3, 
ng^  = 2,  X = l).  [Damaskin  (38)].  ° 
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Ficure  6.  Compact  layer  capacitance  versus  charge  density  at  various 
ttanperatures  as  calculated  "by  Damaskin  (38).  Tanperatures 
1)  0®C,  2)  25®C,  3)  1»)  65®C,  5)  85°C.  Various  para- 

meters are  the  same  as  for  Fig.  5 [Damaskin  (38)]. 


Figure  Dependence  of  d(l/C)/dT  on  charge  density.  Curve  1: 

calculated  fron  Grahame's  experimental  data  (Uo)  for  Hg 
in  aqueous  NaF.  Curve  2:  calculated  from  theoretical 

curves  in  Fig.  6 [Damaskin  (38)]. 


electrolyte 


DISTANCE  NORMAL  TO  SURFACE 


rigiire  9, 


Electron  density  versus  distance  at  a metal  electrode 
surface.  Curve  A:  at  potential  of  zero  charge  (pzc). 
Curve  B:  cathodic  to  pzc.  Curve  C;  cmodic  to  pzc. 


(S«cond  Loytr) 


Model  of  Pt  (ill)  surface  used  by  Leban  and  Hubbard  in  the 
lEHMO  treatment  of  adsorbed  species.  Shaded  circles:  ata 
in  the  surface  layer.  Open  circles;  an  atom  in  the  second 
layer . 


Figure  n 


Current  Density  (ak/em) 


0.1  M HF 

0.1  M HF  + 10-5  M HCl 
0.1  M HF  + 10-^  M HCl 
0.1  M HF  + 10-5  ^ 

0.1  M HF  + 10-2  ji  jici 


J I 

0.4 


POTENTIAL  (V)  vs  RHE 

Ficure  12.  Voltamraogranis  for  hydrogen  adsorption-desorption  on  poly- 
crystalline  Pt  in  O.IM  HF  with  various  HCl  additions. 
[Huang,  0* Grady  and  Yeager  (63)]. 
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QO  0.2  0.4 

Potential  (V)vsRHE 

ri(jure  13,  Voltammogram  for  hydrogen  adsorption-desorption  on  clean  Pt 
(100-5x1)  in  0.05M  HgSO.  , Sweep  rate:  5CtaV/s  [O'Grady, 

Woo,  Hagans  and  Yeager  uh)]. 


DISTANCE  FROM  SURFACE  Fb-Pb  DISTANCE 
A B 


C D 


Ficure  17.  Energy  level  diagram  for  lead  on  gold.  A and  B,  Behavior 
at  low  and  moderate  coverage.  C and  D,  Behavior  at  high 
coverage.  A and  C,  Perpendicular  to  surface.  B and  D, 
Parallel  to  surface,  (fr  Potential  energy  of  electron  in 
unbound  state;  Fermi  energy;  A,  band  width  in  Pb. 

Solid  curves,  combined  metal  substrate— lead  potential 
curves;  dashed  lines,  paj’allel  curves  with  no  interactions 
of  lead  with  gold  substrate  or  other  adsorbed  lead. 

[Adzic,  Yeager,  Cahan  (76)]. 
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